Please cite this article as: Carrel, M., Morales, Veró.L., Beltran, M.A., Derlon, N., Kaufmann, R., Morgenroth, E., Holzner, M., Biofilms in 3D porous media: Delineating the influence of the pore network geometry, flow and mass transfer on biofilm development, Water Research (2018), 1 pore network geometry, flow and mass transfer on biofilm 2 development 3 4 Abstract 38 This study investigates the functional correspondence between porescale hydrodynamics, 39 mass transfer, pore structure and biofilm morphology during progressive biofilm colonization 40 of a porous medium. Hydrodynamics and the structure of both the porous medium and the 41 biofilm are experimentally measured with 3D particle tracking velocimetry and micro X-ray 42 Computed Tomography, respectively. The analysis focuses on data obtained in a clean porous 43 medium after 36 h of biofilm growth. Registration of the particle tracking and X-ray data sets 44 allows to delineate the interplay between porous medium geometry, hydrodynamic and mass 45 transfer processes on the morphology of the developing biofilm. A local analysis revealed 46 wide distributions of wall shear stresses and concentration boundary layer thicknesses. The 47 spatial distribution of the biofilm patches uncovered that the wall shear stresses controlled the 48 biofilm development. Neither external nor internal mass transfer limitations were noticeable 49 in the considered system, consistent with the excess supply of nutrient and electron acceptors. 50 The wall shear stress remained constant in the vicinity of the biofilm but increased 51 substantially elsewhere.
they grow in natural porous media, and by the feedback mechanisms between pore clogging 84 from biofilm growth and solute transport (to deliver nutrients and carry away wastes). Subtle 85 changes to the pore structure have been reported to affect pore velocities and characteristic 86 length scales (i.e. pore radii) by orders of magnitude (Seymour et al. 2004, Holzner et al. 87 2015). Porous media can be considered as networks of connected three-dimensional 88 roughness elements or corners representative of e.g. soils or filters but also of many other 89 pore-scale environments in which biofilms develop. 90 Biofilm development in porous structures result from highly diverse and complex phenomena. 91 For instance, the growth of biofilms was identified to induce the formation of preferential 92 flow paths, while the interplay between biofilm growth, detachment, decay and lysis was 93 numerically shown to cause the intermittent shifting of these flow paths (Bottero et al. 2013) . 94 Locally, the intricate geometry of the pore network and the evolving flow field during biofilm 95 growth influence competition between bacterial communities, as slow growing or non-EPS- The goal of this paper is thus to experimentally investigate the influence of porescale 133 hydrodynamics and mass transfer processes (specifically, wall shear stress and concentration 134 boundary layer distribution functions) on biofilm development in a transparent 3D porous 135 media. A biofilm was grown in a 3D porous medium for 36 hours under a constant volumetric 136 flow rate with nutrients and electron acceptors supplied in excess. The hydrodynamics were 137 measured at the porescale with three-dimensional particle tracking velocimetry (3D-PTV) in a 138 clean porous medium and after biofilm growth. The structure of the porous medium, along 139 with the morphology and spatial distribution of the biofilm were obtained with X-ray micro 140 Computed Tomography (X-ray µCT). The novel combination of hydrodynamic and structural 
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The Nafion pellets underwent three times the following treatment allowing optimal 158 transparency. Approximately 20 g. of pellets were heated up at 65°C for 1 h while stirred at 159 200 rpm under reflux. Afterwards the pellets were cooled for 30 min at room temperature and 160 stored overnight at 4°C. The 11% w/v glucose solution used as a growth medium in this study was prepared with tap 163 water. In order to enhance the growth of the heterotrophic biofilm cultivated in this 164 experiment, nitrogen and phosphorus were added to a molar ratio C:N:P of 1000:1:1. This low 165 ratio is due to the high glucose concentration that was not only serving as a carbon source but 166 also provided the refractive index matching with the Nafion grains. Nitrate (NaNO 3 ) was here 167 serving both as nitrogen source and electron acceptor. Phosphorus was added as K 2 HPO 4 and 168 NaH 2 PO 4 ·2H 2 Oaccounting for 1/3 and 2/3, respectively, of the total phosphorus molecular The mixed species bacterial inoculum used in this study was isolated from the Chriesbach 171 River (Dübendorf, Switzerland, Desmond et al. (2018) ). The frozen bacterial inoculum 172 contained in (2 mL) Eppendorf tubes was added to 100 mL of the growth medium. It was then 173 incubated for 20-24 h at 30°C and stirred at 200 rpm until reaching midlogarithmic phase 174 (OD 600 0.52 ± 0.096). The incubation procedure was repeated three consecutive times for the 175 bacteria to adapt to the synthetic carbon source of the growth medium. For the last incubation 176 cycle, the Nafion grains were added to the growth medium to allow initial bacterial The three-dimensional particle tracking velocimetry (3D-PTV) method applied in this work 190 allows for detection and tracking of flow particle tracers, which move faithfully with the 191 porewater. Tracking the position of tracer particles provides data on velocity and acceleration 192 along flow trajectories. This method was developed to study turbulent flows (Hoyer et al. 193 2005) and was lately adapted to study flows in porous media (Holzner et al. 2015) . In order to 194 perform 3D-PTV measurements, the flow cell was connected to a 120 mL syringe mounted on to create a suspension. As these particles are neutrally buoyant, inertial effects are not of 202 concern and the particles follow the flow reliably (Holzner et al. 2015) .
203
For each 3D-PTV measurement, the tracer particle concentration added is of 0.02 g/L, 204 corresponding to a volume fraction of 0.002%, which is low enough to ensure that particle-205 particle interactions were not of concern. The fluorescent tracer particles were illuminated The air bubbles that entered the flow cell during the injection of the contrast agent were 251 assigned to the liquid phase. Objects smaller than 10 voxels were discarded before the final allows assessing the quality of the registration. In this section, we consider the distributions of variables describing the geometry of the pore 368 network and the local hydrodynamics presented in Figure 3 . Of interest is the investigation of 369 how these variables locally influence the biofilm or are themselves changed by the developing 370 biofilm. We consider all the points of pore network's skeleton (see Figure 2c ) and investigate difference between the two types of surfaces is noticeable. From these data it is possible to 396 note that the maximal wall shear stress for the surfaces that will not be colonized by the 397 biofilm are about twice as large as those where nascent biofilm is found at 36 hr. Substantial that wall shear stress controls biofilm development in the present experiment. We conjecture 402 from these data that too small pores do have sufficient flux of nutrients to sustain biofilm 403 growth. Mainly, diffusion is the mechanism for nutrient mass transfer, which can be limiting.
404
Too large pores experience high shear, which we interpret to be hydrodynamically 405 unfavourable for biofilms to become established. Presumably the high wall shear detaches 406 nascent colonies and thus prevents significant EPS from developing. indicating that elongated shapes are not atypical. Figure 6 (d) shows the correlation of biofilm 420 patch size to aspect ratio, indicating that the maximal size of the biofilm patches decreases 421 with increasing aspect ratio. The PDF of the biofilm thickness, defined as the distance 422 between the biofilm faces to the closest grain faces, is presented in Figure 6 Table 1 ). The increase of the maximal wall shear stress 468 measured is substantially higher (2.5) for the bare grains than at the biofilm surface (1.4).
469
Differences in the increase of the maximal values measured for the biofilm compared to the 474 Table 1 475
The largest biofilm patch sizes were found in pores of radii close to the average radii, but the 476 wide distribution observed for the patch sizes did not indicate that the local geometry of the for example, porescale velocities could increase or decrease with the pore radius variation.
500
The complex interactions between biofilm development and porescale hydrodynamics is 501 illustrated by the radius-velocity relation presented in Figure 7 . The experimental data 502 presented in this study shows that there is a formation of high velocity regions, as also 503 indicated by the high velocity tails of the velocity magnitude PDFs (Figure 3 a) . The experimental method introduced in our study allows to access realistic biofilm shear 520 strengths in 3D porous media with an accuracy of about 8%. We suggest that this approach 521 can hence be used to validate assumptions made for numerical models of biofilm formation in 522 3D porous media providing distributions of wall shear stress values local to the biofilm.
523
Given that both optical camera setups and laboratory X-ray scanners become more and more a 524 standard equipment of many laboratories, our approach offers a viable method to resolve the 525 geometry of the porous media in conjunction with the biofilm morphology as well as 526 distribution of the local wall shear stresses. A limitation of our method is that the X-rays 527 might inactivate cells of the biofilm, which would impact subsequent measurements of 528 biofilm morphology. In this study, we have analyzed only one bioclogged state (T=36 h) and 
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Numerical simulations based on X-ray geometries offer very high resolution and accuracy. 
